Background
The placenta forms the interface between the fetus and mother. Despite specific anatomical and histological differences among species, the basic functions of the placenta are largely the same: anchoring of the fetus in the uterus, supply of nutrients to the fetus, gas exchange and elimination of fetal waste products. In addition, the placental barrier protects the fetus from harmful substances. By inducing local immune tolerance, the placenta prevents the rejection of the fetus by the mother [1] .
The bovine placenta is also an important endocrine organ. The trophoblast autonomously produces significant amounts of estrogens which play a role in softening the birth canal before birth and preparing the mammary gland for lactation. Placental estrogens may also act as local regulators of growth and development of the placenta itself. Furthermore, the placenta is a source of pregnancy-specific peptide hormones, namely, placenta lactogen (PL) and prolactin-related protein I (PRP-I), representing the placental counterparts of the pituitary hormone prolactin (PRL). PL regulates reproductive physiological processes in the uterus and mammary gland and further promotes the release of nutrients from the maternal to the fetal compartment. Remarkably, the functions of PRP-I have not been determined to date (reviewed by [2] ). The most conspicuous structures of the bovine placenta are the mushroomshaped placentomes, which are composed of the fetal chorion and the maternal caruncle. The chorion forms widely ramified villi that protrude into corresponding crypts of the caruncles, resulting in a greatly enlarged fetomaternal contact surface [3] [4] [5] . The chorionic villi are covered by the trophoblast epithelium consisting of 80% uninucleate trophoblast cells (UTCs) and 20% binuclear trophoblast giant cells (TGCs), which have a rounded shape and are scattered between the UTCs. The UTC/TGC ratio remains almost constant throughout pregnancy until shortly before birth [6] . UTCs show typical epithelial cell features, being attached to the trophoblast basal lamina and exhibiting tight junctions to neighboring UTCs, creating the placental barrier. The apical surface of UTCs facing the caruncular epithelium exhibits microvilli, thereby also enhancing fetomaternal contacts [6, 7] . TGCs are not connected to the trophoblast basal lamina and do not contribute to the apical surface of the trophoblast epithelium. The two nuclei of TGCs are polyploid as a consequence of acytokinetic mitoses [8, 9] . The cytoplasm of TGCs encloses numerous granules containing different kinds of fetal secretory glycoproteins, such as pregnancy-associated glycoproteins (PAGs), PL and PRP-I [6, 10] . TGCs are capable of migrating toward the maternal compartment and traversing the placental barrier. Eventually, TGCs fuse with single caruncular epithelial cells to form short-lived fetomaternal hybrid cells that deliver their cytoplasmic granules into the maternal compartment. After degranulation, hybrid cells become apoptotic and are eventually resorbed by the trophoblast [6] . The resulting loss of TGCs is compensated by new TGCs formed from UTCs by differentiation. During this process, intermediate developmental stages occur that differ in size, level of polyploidy, abundance of cytoplasmic granules and location in the trophoblast epithelium [8, 9] . Because TGCs do not cross the uterine basal membrane and the opposing chorionic and caruncular epithelial layers remain intact, the bovine placenta is classified as synepitheliochorial [6, 7] . Numerous studies have provided profound knowledge on the morphology and histology of the ruminant placenta and its endocrine and other physiological functions. However, our knowledge of the differentiation of UTCs into TGCs at the gene expression level was sparse. Only after the development of a preparative method for the isolation of virtually pure UTCs and TGCs from bovine placentas [11] did a genome-wide gene expression study on trophoblast cell differentiation become feasible.
The aim of this work was to identify differentially expressed genes (DEGs) between UTCs and TGCs and to gain preliminary insights into biological processes, molecular functions and pathways associated with DEGs through gene ontological (GO) analyses.
Results

Gene expression profiles of UTCs and TGCs
Although the sorted UTCs and TGCs were virtually pure and appeared to be morphologically sound [11] , their natural gene expression patterns may have been distorted during the long preparation procedure. To address this issue, we used qPCR to measure the transcript abundance of the TGC marker genes RUM1 and BERV-K1 in the two trophoblast cell populations. The retroviral RUM1 and BERV-K1 genes encode placenta-specific membrane glycoproteins, syncytins, which are involved in the fusion of TGCs with caruncle epithelial cells [12] . Indeed, both transcripts were more abundant in TGCs than in UTCs ( Fig. 1 ). Subsequently, we analyzed genome-wide transcripts of UTCs and TGCs in a microarray approach. A hierarchical cluster analysis showed the correct assignment of the microarray expression data sets to the UTC and TGC groups (Fig. 2 ). We identified 3193 DEGs, 1711 (53.6%) of which were upregulated in TGCs, and 1482 (46.6%) of which were downregulated (Additional file 1: Table S1-A). In this study, we refer to genes as upregulated when their transcripts were more abundant in TGCs than in UTCs. Accordingly, genes whose transcript amounts were lower in TGCs than in UTCs were regarded as downregulated. We evaluated the micorarray measurements with a spot check by reanalyzing 15 transcripts with qPCR and found that both methods provided largely consistent results ( Fig. 3 ; Additional file 1: Table S1-B).
KEGG pathways and GO terms associated with DEGs
First, we were interested in identifying KEGG pathways that possibly play significant roles during the differentiation of UTCs into TGCs. To this end, we searched the KEGG database for associations with DEGs using the DAVID functional annotation tool. Our DAVIDcompliant DEG list included 2595 genes (DAVID IDs) (Additional file 1: Table S1-C). The significance of the identified KEGG pathways is indicated by a p-value, which depends on the number of associated DEGs. KEGG pathways were considered to be highly regulated by DEGs when the p-values were < 0.01 and the Benjamini values were < 0.1 (Table 1) .
Furthermore, we attempted to discover biological processes and molecular functions that are relevant for the formation of TGCs from UTCs. To this end, we performed functional annotation clustering, which combines similar GO terms into annotation clusters (ACs) based on the number of shared DEGs. The ranking of the ACs is based on annotation enrichment scores, which result from the individual p-values of the GO terms involved. The assumption is that clusters with the highest enrichment scores indicate the most relevant molecular functions and biological processes. The 15 top-ranking ACs are listed in Table 2 .
Discussion
This first genome-wide gene expression study on UTCs and TGCs of bovine trophoblasts was made possible by the availability of virtually pure cell isolates after a FACS-based purification procedure [11] . The aim of this study was to contribute to a deeper understanding of the differentiation processes involved in the formation of TGCs from UTCs in the bovine trophoblast epithelium. By identifying and analyzing DEGs between UTCs and TGCs, we have obtained evidence of molecular functions, biological processes and pathways that are likely to play important roles in the formation of TGCs.
Evaluation of the integrity of gene expression patterns in UTCs and TGCs
Evidence from the measurements of the TGC marker transcripts RUM1 and BERV-K1 indicated that natural gene expression patterns of UTCs and TGCs did not change substantially during the preparative procedure. This conclusion is further supported by the PAG gene expression patterns resulting from the microarray data. Of more than 20 known PAG genes present in the bovine genome, 17 were differentially expressed in UTCs and TGCs (Table 3 ; Additional file 1: Table S1-A).
Previous in situ hybridization and immunostaining analyses showed a different cellular distribution of ancient and modern PAGs [13] in the trophoblast epithelium, where ancient PAGs were localized mainly in UTCs and in a small number of TGCs, while modern PAGs were restricted to TGCs [14, 16, 17] . In accordance with the published data, the modern PAG genes were all upregulated in TGCs, while the ancient PAG genes PAG2, PAG8 and PAG12 were downregulated in TGCs. Interestingly, PAG10 was also upregulated in TGCs, although it is an ancient PAG. However, this observation is consistent with recent results obtained from immunolocalization experiments by Wallace et al. [16] . Only PAG11 localization experiments yielded inconsistent results: in situ hybridization [14] and microarray results indicate that UTCs are PAG11-producing cells, whereas PAG11 immunostaining was restricted to TGCs [15] . In summary, it can be concluded that our UTCs and TGCs were suitable for microarray experiments. In addition, such UTC and TGC isolates should also be useful for future proteome analyses that could not be performed in this study due to the insufficient number of cells.
DEGs involved in endocrine functions of the bovine placenta
The bovine placenta is capable of producing estrogens independently of the external supply of C19 precursors, as it expresses all enzymes needed to convert cholesterol into estrogens: side chain cleavage enzyme (CYP11A1), steroid 17-alpha-hydroxylase/17,20 lyase (CYP17A1), 3 beta-hydroxysteroid dehydrogenase/Delta 5➔4-isomerase (HSD3B1) and aromatase (CYP19A1) (reviewed by [2] ). We searched our microarray data for the expression of the respective transcripts and found that all were downregulated in TGCs (Additional file 1: Table S1-A) The KEGG pathways and the associated DEGs are shown in the Additional file 1: Table S1 -D [18] used immunoelectron microscopy and detected CYP11A1-specific signals only in UTCs, and CYP17A1 was immunolocalized only in UTCs [19] . Shortly after UTCs entered the TGC pathway, both enzymes were no longer detectable. The small difference between UTCs and TGCs in HSD3B1 expression seems to contradict earlier results from in situ hybridization experiments that showed the staining of immature TGCs, while mature TGCs and UTCs were negative [18] . However, because our FACS procedure was designed to collect UTCs and mature TGCs, the proper HSD3B1expressing cells, namely, the developing TGCs, were likely underrepresented in our TGC isolates. The strong downregulation of CYP19A1 mRNA in TGCs detected by our measurements contradicted the immunolocalization of the CYP19A1 protein in immature and mature TGCs but not UTCs [19, 20] . In previous experiments we observed a strong decline only in CYP19A1 transcripts in primary cultures of bovine trophoblast cells, although CYP19A1 transcripts were clearly detectable in freshly dissociated cells [21] . The cause of the contradictory results has not been determined, but we suspect that CYP19A1 expression is particularly sensitive to environmental changes during cell isolation. The GH/PRL hormones regulate numerous physiological processes related to reproduction and lactation in many mammalian species, including cattle [22] . The bovine GH/PRL gene family comprises one GH and one PRL gene each, both expressed in the pituitary gland, and derivatives of the PRL gene (CSH2, PRPs) expressed in the placenta [2, 23, 24] . The DEGs encoding placentaexpressed GH/PRL representatives were all upregulated in the TGCs (Table 4 ; Additional file 1: Table S1-A).
Notably, our microarray data showed evidence of placental expression of PRL, mainly in the TGCs. This expression has not been observed in cattle to date. However, placental expression of PRL in TGCs has also been immunologically demonstrated in a giraffe [25] and in elephants [26] . Similar to extrapituitary PRL expression in various human tissues, which is regulated by a nonpituitary PRL promoter [27, 28] , PRL expression in bovine placenta could also use a previously unknown nonpituitary PRL promoter. Placenta PRL could exert local functions that differ from the endocrine effects of pituitary PRL.
Findings from GO analyses of DEGs
The results of GO term enrichment analyses (Tables 1 and 2) indicate that the differentiation of UTCs in TGCs particularly regulates genes that enable trophoblast cells to interact with their environment (GO terms are "ECM receptor interaction", "mucin-type O-glycan biosynthesis", "cell-matrix adhesion" and "regulation of small GTPase-mediated signal transduction") or that probably play a role in the migration of TGCs (GO terms are "regulation of cell migration", "focal adhesion"). In the following discussion, we will focus in more detail on ECM-receptor interactions and mucintype O-glycan biosynthesis. ECM-receptor interactions: The ECM forms the scaffold and the microenvironment for the cellular components of tissues and is subject to continuous remodeling processes. In addition, the ECM provides biochemical and biomechanical signals essential for tissue morphogenesis and differentiation. (reviewed by [29] ). The main macromolecular components of the ECM are fibrous proteins, such as collagens and laminins, as well as proteoglycans. Some components of collagen I (ColI), ColVI and laminins are encoded by DEGs (Table 5 ).
ColI consists of α1(I) and α2(I) chains in a stoichiometric ratio of 2:1 [30] . The corresponding genes, COL1A1 and COL1A2, are both downregulated in the TGCs, probably leading to decreased ColI production, as well. ColVI is predominantly present in the basal lamina. ColVI is a heterotrimeric protein consisting of α1(VI), α2(VI) and α3(VI) subunits [31] . ColVI filaments interact with many other ECM components, including ColI and the ColIV network of the basal lamina. In addition, ColVI filaments interact with the cell surface via integrins [31, 32] . ColVI filaments thus establish the biomechanical connection between cells and ECM. In TGCs, COL6A1, encoding the α1(VI) subunit, is downregulated. An earlier study in mice showed that the targeted inactivation of COL6A1 (COL6A1 −/− ) led to a ColVI-null phenotype [33] . Therefore, the production of ColVI heterotrimers in TGCs is likely to be decreased. Laminins are the major noncollageneous component of the basal lamina and play vital roles in cell differentiation, migration and adhesion. Various domains of the laminin subunits enable interactions with other macromolecules, such as the ColIV network, and with plasma membrane receptors, e.g., dystoglycan and integrins [32, 34] . Laminins consist of α, β and γ chains, which in bovines are encoded by five LAMA genes, three LAMB genes and three LAMC genes. LAMA2, LAMA3 and LAMB1 are downregulated in TGCs (Table 5 ). Consequently, the formation of laminin heterotrimers with α1, α2 and β1 subunits in TGCs may also be reduced. This reduction would affect 10 of the 15 naturally occurring laminin types, namely, α1/β1/γ1, α2/β1/γ1, α2/β2/γ1, α3/β2/ γ1, α3/β2/γ1, α3/β2/γ1, α3/β3/γ2, α3/β1/γ1, α3/β2/γ1, α4/β1/γ1, α5/β1/γ1, α2/β1/γ3 and α3/β2/γ3 [35] .
In addition, some integrin-encoding genes were DEGs ( Table 5 ). Integrins are heterodimeric molecules consisting of an α and a β subunit. Both subunits are transmembrane proteins. Integrins mediate cell-cell interactions, anchor cells to the ECM and connect the intracellular actin cytoskeleton to the ECM, thereby mediating both outside-in and inside-out signal transduction. Integrin-mediated cell adhesion plays an important role in controlling cell migration and differentiation [36] . DEG-encoded integrins are constituents of the α1/β1, α2/β1, α6/β1, α11/β1, α6/β4 and αV/β5 integrin receptors [32] . According to the integrin gene expression data, UTCs produce α6/β1, α11/β1, α6/β4 and αV/β5 integrin receptors that are reduced during TGC formation. In contrast, mature TGCs exhibit more α1/β1 and α2/β1 integrins than UTCs. Notably, these integrins are collagen and/or laminin receptors, except for αV/β5 integrin, which binds osteopontin [32] . The results from studies on human placental cytotrophoblasts (CTBs) suggest that the expression of α1/β1 integrin may play a role in the development of the weakly invasive phenotype of TGCs: invasive CTBs also carry α1/β1 integrin receptors on their surface [37] , and α1/β1 integrin receptors are necessary for the invasive migration of CTBs [38] . Similar to UTCs, CTB stem cells that are anchored to the basal lamina of the trophoblast epithelium display α6/β4 integrin receptors that disappear when differentiated into invasive CTBs [37, 38] . Integrin switching in CTBs (α6/β4 is downregulated, and α1/β1 is upregulated) is transcriptionally regulated [38] . Immunohistochemical analyses of various ECM proteins and integrin receptors in bovine placentomes showed strong staining of α6 integrin in UTCs and moderate cytoplasmic staining of α2 integrin in TGCs [39] , which is consistent with our microarray data. In addition, strong α6 integrin staining along the cytoplasmic membrane of TGCs was detected, which contradicts the observed downregulation of ITGA6 transcripts in TGCs.
In addition to the ECM proteins and integrin receptors, enzymes involved in ECM remodeling and modification of cell surface or secreted molecules, including heparanase, metalloproteinases (MMPs, ADAMs, ADAMTSs) and tissue inhibitors of metalloproteinases (TIMPs) [40] [41] [42] [43] , were encoded by DEGs ( Table 6) .
Taken together, our data suggest that there are profound differences between UTCs and TGCs regarding their interactions with the surrounding ECM, signal transduction between the ECM and the actin cytoskeleton and downstream processes. The clearly reduced anchoring of TGCs in the surrounding matrix may be related to their migration and weakly invasive phenotype.
Mucin-type O-glycan biosynthesis: Many proteins, whether secreted or bound to cell surfaces, are Oglycosylated [44] . It is therefore remarkable that our microarray data demonstrate significant regulation of the first steps of O-glycan biosynthesis during the formation of TGCs. The underlying DEGs are shown in Table 7 .
The products of these first O-glycan biosynthesis steps are basic O-glycan structures, namely, the Tn antigen and four core O-glycans [45] (Fig. 4) . The initiating reaction is the coupling of N-acetylgalactosamine (GalNAc) to serine and threonine residues of proteins catalyzed by many isoforms of polypeptide N-acetylgalactosaminyltransferases (GalNTs) (Fig. 4, reaction 1) . These GalNT isoforms differ in substrate specificity, compartmentation and expression regulation, and might provide an additional level of regulation for the initiation of O-glycan biosynthesis [46] . The GalNTs fall into two phylogenetically defined groups, which have different substrate preferences: group I enzymes prefer unmodified peptides, while group II enzymes act on modified peptides [46] . Some of the GalNT genes (GALNTs) were identified as DEGs in our microarray study (Table 7) . Notably, upregulated (GALNT3 and GALNT6) and downregulated genes (GALNT4, GALNT7 and GALNT10) belong to different groups, suggesting different targets for O-glycosylation in UTCs and TGCs. The upregulation of C1GALT1 and ST3GAL1 in TGCs (Table  7 ) may lead to an increased production of core 1 and sialylated core 1 O-glycans ( Fig. 4, reactions 2 and 6 ). Sialylated core 1 O-glycans cannot be further extended [45] . In this context, it should be noted that the overexpression of ST3GAL1 is discussed to promote, for instance, tumorigenesis in breast carcinomas [47] . In contrast to the sialylated core 1 O-glycans, the biosynthesis of all other core O-glycans (i.e., cores 2, 3 and 4) is probably downregulated in TGCs (Fig. 4, reactions 3, 4 and 5) , as shown by the downregulation of the respective genes (Table 7) . Thus, the conversion of UTCs into TGCs is accompanied by a profound structural change in the produced Oglycans: UTCs express all required core structures for complex O-glycans that are shut down during the differentiation process. In contrast, during TGC maturation, short glycans are increasingly synthesized. Due to the numerous biological functions of O-glycans (see [46, 48] for reviews), this might have far-reaching consequences for the cells, for example, through differently modified secreted ECM components or cell surface proteins that are involved in recognition modulation, cell adhesion and communication between cells and their environment. Sialylated glycans often function as self-associated molecular patterns (SAMPs) that attenuate immune defense via interactions with inhibitory siglecs [49] . Thus, TGCs might evade maternal immune defense by increasing the expression of sialylated core 1 O-glycans on the cell surface. In addition to these general aspects of sialic acids, overexpression of ST3GAL1 is specifically known to increase the migration and invasion capacity in ovarian cancer [50] . Based on numerous studies demonstrating a direct link between ST3GAL1 overexpression and tumorigenesis, it is more likely that comparable effects, such as enhanced migration properties, may also take place in TGCs when ST3GAL1 is upregulated.
Conclusions
From the results of our microarray data, a number of experimentally verifiable hypotheses could be derived: 
Materials
Bovine UTCs and TGCs
Virtually pure UTCs and TGCs were obtained from bovine placentas from days 118 to 130 of gestation in an earlier study [11] with an optimized fluorescence activated cell sorting (FACS) method. Trophoblast cell isolates from three placentas (#2, #3 and #4) provided sufficient amounts of total RNA for the microarray analysis of this study.
RNA preparation, cRNA production and labeling, and microarray hybridization
Total RNA for the microarray analysis was extracted from UTCs and TGCs with the NucleoSpin RNA II Kit as described by the manufacturer (Macherey-Nagel, Düren, Germany Background correction and normalization of the expression values was performed using the GC Robust Multi-Array Average (GC RMA) algorithm [51] . Per definition, transcripts were considered differentially expressed among UTC and TGC groups if fold-change values were ≤ − 1.5 or ≥ 1.5 and the p-value of the univariate t-test between values paired according the UTC and TGC preparations was < 0.05. False discovery rates (FDR) were calculated but not used as a cut-off criterion.
The DEGs were subjected to gene ontology (GO) term analyses using Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.8 software [52, 53] . To this end, our DEG list was first converted into a DAVID compliant gene list using the Gene List Manager. The pathway analyses were based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
Reverse transcription of RNA; PCR and quantitative reverse-transcription PCR (qPCR)
Microarray measurements were validated by qPCR measurements of selected transcripts. To this end, total RNA (100 ng) from the UTCs or TGCs was reverse transcribed in a 25-μl reaction volume using a mixture of random hexameric and oligo dT primers (4 and 2 ng/μl, respectively; Roche, Mannheim, Germany) and M-MLV reverse transcriptase (GeneOn, Ludwigshafen, Germany). Complementary DNA was purified with the High Pure PCR Product Purification Kit (Roche). Standard PCR to test the specificity of the primer pairs was conducted in 25 μl reaction buffer containing cDNA, Fast Start Taq DNA Polymerase (MP Biomedicals, Illkirch, France), dNTPs (Roche) and gene-specific primers (Additional file 1: Table S1-F). The cycling conditions were as follows: preincubation at 94°C for 5 min followed by 30 cycles of denaturation at 95°C for 5 min, annealing at 60°C for 1 min, extension at 70°C for 2 min, and a final elongation at 70°C for 5 min. The PCR products were verified by cloning and sequencing. For qPCR, cDNA was amplified in a 12-μl reaction volume with the SensiFast SYBR No-ROX Kit (Bioline, Luckenwalde, Germany) and gene-specific primer pairs. For amplification and quantification of the PCR products a Light-Cycler 480 instrument (Roche) was used with the following cycling conditions: preincubation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 20 s, annealing at 60°C for 15 s, and extension at 72°C for 15 s, and single point fluorescence acquisition at 75°C for 10 s to avoid quantifying primer artifacts. The generation of only the expected products was confirmed by melting curve analysis and agarose gel electrophoresis. External standard curves were generated by coamplification of various dilutions of cloned PCR products (5 × 10 − 12 to 5 × 10 − 16 g DNA/reaction) with the corresponding primer pairs. Transcript abundance measurements were normalized using the RPS18 transcript as an internal reference.
Statistical analyses were performed with SigmaPlot 12.0 Statistical Analysis System (Jandel Scientific, San Rafael, California, USA). Significance of differences was assessed using the t-test, and p-values < 0.05 were considered statistically significant. Pearson's product moment correlation was used to compare microarray and qPCR data.
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